ABSTRACT When the color asymmetry between the left and right eyes exceeds a threshold value, named binocular color fusion limit, the color rivalry is said to occur. For stereoscopic displays, the horizontal disparity is the most important information to produce depth perception. When the stereo pair stimuli are presented separately to both eyes with disparities and those two stimuli also differ in color but share an iso-luminance polarity, it is possible for stereopsis and color rivalry to coexist. In this paper, we conducted a psychophysical experiment to quantitatively measure the color fusion limit at different disparity levels. In particular, it examined how disparities affect the binocular color fusion limit. A binocular color fusion limit was measured at five relative disparity levels: 0, ±60, and ±120 arc minutes for five sample color points, which were selected from the 1976 CIE u'v' chromaticity diagram. The experimental results show that the color fusion limit for each sample point varies with the disparity magnitude, disparity sign, and color direction. It is new research finding that the color fusion limit increases as the disparity increases from −120 to +120 arc minutes. The average color fusion limit ranges from 0.036 to 0.064 in terms of Euclidean distance in the u'v' chromaticity diagram ( E u v ). The new finding shows that the human eye has different information processing mechanisms for crossed disparity (sign −) and uncrossed disparity (sign +), and uncrossed disparity can contribute to color fusion. We suggest that the color fusion limit varies with the color direction, but it has nothing to do with the distribution of cone cells. The color fusion limit was quantified by using ellipses in the chromaticity diagram, and the axis of the ellipses ranges from 0.017 to 0.145 E u v . The experiments and data analysis in this paper indicate that the binocular disparity fusion affects binocular color fusion. This research result can strongly support 3D system design and 3D content creation.
I. INTRODUCTION
When one image is presented to one eye and a very slightly different image is presented to the other (also known as dichoptic presentation), the brain can fuse these two images into a single perception and yield stereopsis. The spatial differences between the two retinal images called binocular disparities [1] , which can be used to recover the threedimensional (3D) aspects of a scene. Stereoscopic 3D displays are the devices to implement these disparity cues, which have gained momentum in terms of research and
The associate editor coordinating the review of this manuscript and approving it for publication was Sudhakar Radhakrishnan. commercial successes recently [2] , [3] . However, current 3D technologies can provide several potential sources of binocular mismatches in shape, brightness, and color [4] . Those mismatches are unpleasant and annoying for 3D display systems, which may result from optical differences between stereoscopic camera lenses, coding and transmission (compression), multiple views rendering and display type. To address color mismatch, it is an interesting research question that how much color difference can be permitted before the fusion ceases. In literature, the level of color asymmetry between left and right eyes should not exceed a threshold value, known as the binocular color fusion limit [5] . Otherwise, the color rivalry is said to occur, during which one can perceive only one of the two colors and the perception alternates periodically in either the spatial or temporal domain [6] - [8] .
It is important to determine the binocular color fusion limit within which the color fusion is assured. This is a basic requirement in creating 3D contents and designing 3D systems. Some researchers have studied the effect of hue or wavelength differences on color rivalry using stimuli of various sizes, intensities, and saturation [9] - [12] . However, there is not sufficient research on quantitative investigations. Previous investigations concentrated on measurements of color fusion limits could be divided into three branches: (1) quantitative measurement for the limit of wavelength (spectral colors); (2) quantitative measurement for the limit of non-spectral colors; and (3) changes in color fusion limit caused by different conditions.
For the limit of spectral colors, Ikeda et al. started to quantify the binocular color fusion limit λ as a function of the wavelength λ [5] . They performed experiments to measure the color fusion limit for seventeen wavelengths covering the range from 500 to 660 nm in about 10 nm steps. Their results showed that the color fusion limit varied from about 10 to 50 nm depending upon the wavelength region investigated. Later Ikeda and Nakashima expanded the measurement into short and long wavelength regions so that the general and accurate properties of the λ/λ function could be grasped [13] . The experimental results showed that the limit varied from 15 nm to l00 nm depending upon the wavelength employed with two minima, and the function exhibited a saw wave shape of λ/λ curve when the limits were plotted along the spectrum. For the limit of non-spectral colors, Ikeda et al. also obtained the limit for a pair made up of white light and a colored light that varied in purity [5] . They reported that the limits were much too large to compare with the color discrimination limits. A circle with its center at the white light was drawn to fit the limits. In 2011, Jung et al. extended the work and performed experiments to measure the color fusion limit for eight chromaticity points sampled from the CIE 1976 chromaticity diagram at a brightness level of 10 cd/m 2 [14] . The experimental results showed the color fusion limit represented in terms of the Euclidean distance along straight lines in u v chromaticity diagram ( E u v ), and the color fusion limit was quantified by ellipses in the chromaticity diagram. They reported that the semiminor axis of the ellipses ranged from 0.0415 to 0.0923 E u v and the semi-major axis ranged from 0.0640 to 0.1560 E u v . For changes in color fusion limit caused by different conditions, Qin et al. measured the wavelength difference limit under different brightness levels [15] . Results showed that the shapes of the λ/λ function were very similar to Ikeda et al.'s results. They suggested that the range of binocular color fusion limit was less than 10∼80 nm and the limit became smaller with the increase of the brightness of the stimulus. In another study, Qin et al. reported that peripheral visual field could influence the color fusion limit, and the limit of central vision was smaller than the limit of peripheral vision with the same stimuli and the same experimental condition [16] . In 2009, Qin et al. examined the effects of luminance and size of stimuli upon the binocular fusion limit [17] . They measured the binocular color fusion limits λ for each dominant wavelength λ quantitatively with different luminance. Results confirmed the previous Qin's finding [15] that the color fusion limit decreased as the luminance of stimuli increased. Furthermore, they adjusted the visual size of stimuli from 2 • to 10 • and found that color fusion was more difficult to achieve at 10 • than at 2 • .
Quantitative investigations are lacking that establish the color fusion limit under different disparity levels. Compared to conventional 2D counterparts, the disparity is the most important information brought by 3D displays, which make one produce the depth perception (stereopsis). Unfortunately, the color mismatch is a common phenomenon in the 3D display system [18] , which can cause visual fatigue or visual discomfort when looking at stereoscopic displays [19] , [20] . However, it is possible for stereopsis and color rivalry to coexist when a common stimulus is shown to both eyes with disparity and those two monocular stimuli differ only in color but share an iso-luminance polarity. In other words, iso-luminance information allows for fusion and stereopsis [21] , [22] , while the discrepant color component allows for the rivalry. The visual discomfort has always been described as the number one health issue for the application and development of 3D industry [23] , [24] . It should not be ignored that 3D content creation and 3D system design could be seriously affected if the binocular color fusion limit varies with the disparity. Therefore, quantitative measurements of the color fusion limit for disparities can provide valuable guidance for 3D display manufacturers to control the color asymmetry in a safe range.
In a previous work [25] , we experimentally measured the binocular color fusion limit for a sample color point which was selected from the 1976 CIE u'v' chromaticity diagram. The preliminary results showed that the fusion limit for the sample point varied with the level and sign of disparity. In this paper, we expand the work to quantify the color fusion limit for five sample color points at five different disparity levels. We intend to discover the relationship between the color fusion limit and the disparity. Furthermore, we collect and analyze the real-world data through well-designed experiments, which can be used in the design of 3D systems and creation of 3D contents. In Section 2, we describe the experimental method, and experimental results and discussions are presented in section 3. Section 4 concludes this paper.
II. METHOD A. APPARATUS AND VIEWING CONDITIONS
To enable accurate control of color, a calibrated cathoderay tube (CRT) color monitor (SONY G520) was employed to present experimental stimuli. The monitor connected to a graphics card housed in a personal computer (Intel Core TM 2 Duo CPU with 3 GHz processing speed, 4 GB RAM, Microsoft Windows 7) and had a resolution of 1600 × 1200 with a pixel size of 0.24mm × 0.24 mm and a frame rate of 80 Hz. The graphics card allowed luminances to be specified with a resolution of 8 bits per gun. With a Photo Research PR-715 SpectraScan spectroradiometer, spectral emission functions were calibrated, the luminances of digital inputs were obtained through look-up tables (LUT). At the same time, for more accurate transformation between monitor RGB values and CIE XYZ, the effect of the black point was considered [26] . In our experiment, the CIE XYZ of the black point of the monitor were 0.221/0.284/0.333, the CIE 1931 chromaticity (x, y) of the white point was (0.314, 0.334), and the chromaticity (x, y) of the phosphors were (0.615, 0.344) for the red channel, (0.278, 0.605) for the green, and (0.150, 0.074) for the blue.
In a dark room, observers viewed the stimuli via a custombuilt 4-mirror stereoscope with a viewing distance of 650 mm from the monitor screen, as shown in Fig. 1 . The stereoscope permitted the left half and right half images of the screen to be projected to the left and right eyes, respectively, resulting in binocular viewing. In these conditions, the screen subtended 33.6 • × 25.2 • and each pixel subtended by about 1.2 arc minutes from the observation point.
B. STIMULI
The stimuli presented on the screen for the right and left eyes were generated and controlled by specially written software in C++. As shown in Fig. 2 , the stimuli consist of a pair of 2 • diameter circular patches for the left eye and the right eye on a black background with the luminance of 0.28 cd/m 2 . In the CIE 1976 uniform chromaticity scale diagram, the color gamut of the CRT display can be represented by a triangle between red: u'v'(0.42, 0.53), green: u'v'(0.11, 0.56), and blue u'v'(0.17, 0.19). Five sample points within the color gamut of the monitor were selected to measure the color fusion limit, as shown in Fig. 3(a) .
The right circular patch was filled with the sample point color and presented for the right eye, and the left circular patches were filled with neighbor point colors and presented for the left eye. Neighbor point colors were selected along the straight lines of six directions for the sample point color, as shown in Fig. 3(b) . The six directions were three main directions to the red (R), green (G), and blue (B) primaries and three sub-directions representing an equiangular division between R and G, G and B, plus B and R, respectively. The neighbor points along each line increased the distance with a step size of 0.02 E u v from each sample point. Due to the limit of the display color gamut, the six directions did not select for all sample points and the number of neighbor points along each line was not the same, depending on the situation. For example, Fig. 3(b) shows the neighbor point selection scheme for the sample point No. 1, and the points on R-G and G-B directions were in the fusion range and not used to measure limits. A total of 184 neighbor points were selected for five sample points. Appendix Tables 3-5 list the u'v' values of all the selected points. Constrained at a luminance level of 10 cd/m 2 , and first, the u'v' values of all selected points transformed to RGB values by an inverse process of the monitor characterization. Then, using the PR-715 spectroradiometer, the luminance and chromaticity of output for RGB values on the CRT monitor were measured at the center point of the screen. The color errors between the transformed and measured values of all points were extremely small, and the maximum color difference was 0.003 E u v .
To measure the color fusion limit for different disparities, the left and right circular patches were horizontally adjusted on image pixels. There are two kinds of disparities: crossed disparity (where the object appears closer to the observer) and uncrossed disparity (where the object appears farther from the observer). To avoid the viewer simply making a vergence eye movement to view the binocular target and thereby having the absolute disparity zero in every case, a frame with the sample color serves as a zero-disparity reference, as shown in Fig. 2 . For brief stimulus duration, disparity fusion limit can be as small as 24 arc minutes, but with longer stimulus durations and convergence eye movements, disparities can be as large as 4.93 degrees [27] . Here, five levels of relative screen disparity (i.e., the angular distance between two corresponding pixels in two separate views on the display) were given to the stimuli in the range of −120 to +120 arc minutes with a step size of 60 arc minutes, where negative polarity refers to crossed disparity while positive polarity refers to uncrossed disparity. The range of disparity had been determined in order for the color fusion limit to cover all possible range of binocular fusion in real stereoscopic images. Consequently, there were five disparity levels, which were ±120, ±60 and 0 arc minutes, and a total number of 920(= 184×5) stimuli were used.
C. OBSERVER
As the literature [14] , we recruited two observers taking part in the experiment. One is HDY, male, 24 years old.
One is LLS, female, 23 years old. They all had normal color vision (Dvorine Color Plates, 2nd ed.) and normal stereoscopic acuity (stereo-fly tests). They were not aware of the purpose of the experiment and were all non-experts, in that their normal jobs did not concern stereoscopic graphics. No other exclusion criteria were applied. The experiment conformed to the standards set by the Declaration of Helsinki [28] . They read and signed informed consents, and were free to leave the study at any stage.
D. PROCEDURE
The experimental procedure was wholly controlled by the software. First, one kind of color was randomly selected from five sample colors to fill the circular patch on the right half screen. Then, the left circular patch was randomly filled with a neighbor color. And then a disparity level was randomly selected from five disparities to move the left and right circular patches horizontally on image pixels. For example, if the disparity was −120 arc minutes, the right patch was shifted to the left with 50 pixels, and the left patch was shifted to the right with 50 pixels, as shown in Fig. 2 (b) . After the stimulus was generated, it was immediately displayed on the screen. The exposure time of the stimulus was 15 s, which was long enough to allow the observer to determine whether the two colors can be fused. The prompt of fusion or not was ''Do you only see one color?''. It was a forced choice. If the observer pressed the keyboard ''Y'' key, it meant that the brain could fuse the two colors. If the observer pressed the keyboard ''N'' key, it meant that the brain could not fuse the two colors. This information was automatically recorded in a program document after each sample color and all its surrounding neighbor colors were traversed for all disparity levels. This trial was repeated 10 times.
Therefore, a total of 9200 (i.e. 920 stimuli × 10 observations) trials were recorded for a single observer. The observation process for all of the trials was lengthy and induced visual fatigue. Thus, the observations were divided into several tests consisting of several 30-min sessions. The observations were stopped immediately when the observer sensed any visual fatigue.
III. RESULTS AND DISCUSSION

A. CALCULATION OF COLOR FUSION LIMIT
We recorded the number of responses with fusion for the 920 stimuli. At different disparity levels, the overall results of the fusion probability derived from the observations by two observers are presented in Tables 3-5 in the Appendix. The fusion probability (p% ) was calculated as follows:
Total number of responses with fusion Total number ofresponses with (fusion+nonfusion) ×100%
where Total number of responses with fusion is the sum of the two observers' numbers, Total number of responses with (fusion + nonfusion) is 20 here. If a neighbor color had the 50% fusion probability, the Euclidean distance E u v from the corresponding sample point to this neighbor point was just selected as the color fusion limit. In the literature [14] , the color fusion limits of each sample point for different directions were calculated by using a linear interpolation formula. Using the interpolation method, however, it would not work when p(%) never exceeded 50%. Here, we used a psychometric function to fit curves of fusion probability [29] :
where p(x) denotes the fusion probability for the neighbors in a line of the direction sampled for the left eye, x is the Euclidean distance from the sample color to the neighbor color; the basic function ln x represents that fusion probability takes the Weber-Fechner's law as the foundation; the power series of lnx represent that fusion probability is characterized as multi-items scales; there is a total of N + 1 items; and a n represents the coefficient of the nth item, which could be obtained by fitting the psychometric function. By setting the different N , regression analysis was performed to find the optimal value of the coefficient a n , and the coefficient of determination -R 2 values were examined for the goodnessof-fit statistics of the regressions. Table 1 lists the values of R 2 with N variations regarding the left stimuli sampled in red (R) direction from the No. 1 point (u = 0.20, v = 0.50). As it is seen from Table 1 , R 2 close to 1 when N increases. In Table 1 , when N = 3, the values R 2 are bigger than 0.95. Accordingly, we selected N = 3 for all regression analyses. Figure 4 shows the fusion probability of the No. 1 color point in red (R) direction at different disparities. The abscissa represents the Euclidean distance from the point in the u' v' chromaticity diagram. Once the psychometric function -Eq. (2) has been fitted, the color fusion limit E u v was obtained by setting p(x) = 50, as presented in Tables 3-5 in the Appendix. Fig. 5 shows the fusion limit scatters of five sample color points for different disparities along different color directions by using data in Appendix Table 3-5. As it can be seen, there were different fusion limits at different levels of disparity for all of the sample points. The average values of the fusion limits for different disparities are listed in the bottom of Appendix Table 5 , and the average fusion limit increases as the disparity varies from −120 to +120 arc minutes. The minimum of fusion limit is 0.036 E u v when the disparity is −120 arc minutes, and the maximum of fusion limit is 0.064 E u v when the disparity is +120 arc minutes. The fusion limits present a gradation, and the means are significantly different (F(4, 100) = 7.53, p < 0.01) at the significance level 0.05. In addition, there are different fusion limits on color directions for all of the sample points. For example, the sample point No. 3 has the maximum fusion limit of 0.051 E u v on the direction G and has the minimum fusion limit of 0.019 E u v on the direction B at the level of disparity −120 . Fig. 6 presents the curve shape of color fusion limits averaged over the sample points as a function of the disparity. As it is seen in fig. 6 , the disparity sign also has an impact on the color fusion limit. For the crossed disparity (−), the fusion limit increases as the disparity decreases. But for the uncrossed disparity (+), the fusion limit increases as the disparity increases. This is contrary to our expectations, because, in a sense, to increase the disparity information is to increase the burden of the human eye, fusion limit should be reduced accordingly, just like Qin et al.'s the results [15] , which showed that the fusion limit became smaller as the stimulation brightness increased. This seems to explain that the human eye has different information processing mechanisms for the crossed disparity and the uncrossed disparity, and the uncrossed disparity may contribute to color fusion. The uncrossed disparity may also cause the observation target going away from the viewer so that the observer cannot determine the color fusion clearly. Instead, crossed disparity makes the target close the observer, and the observer can thus be made more sensitive to the color identification, leading to fusion limit decreases. Usually, we think that color vision is a lowlevel monocular vision, while stereo vision is a highlevel binocular vision, so the influence of color information on binocular disparity fusion is positive [21] , [22] , [30] . But we have shown here that the binocular disparity fusion would also affect the color fusion. In short, the phenomenon that VOLUME 7, 2019 stereo vision affects color vision deserves more experiments to be discussed.
B. RESULTS OF COLOR FUSION LIMIT
1) EFFECT OF DISPARITY SIGN ON COLOR FUSION LIMIT
2) EFFECT OF COLOR DIRECTION ON COLOR FUSION LIMIT
As can be seen from Fig 5, the color fusion limits are not equal on each color direction in the standard uniform chromaticity diagram. For comparative purpose, we computed the color fusion limit for each color direction by averaging over the sample points. Fig. 7 shows the relation between color fusion limit and color direction at given disparity magnitudes. From  Fig.7 , it can be seen that the color fusion limit has a gradation on different color directions. We can clearly see that the color fusion limit on green (G) direction is the largest, and the color fusion limit on blue (G) direction is the smallest for every disparity magnitude. In a previous study. we reported that the disparity fusion range varied with the hues [22] . We found that the green random-dot stereogram (RDS) stimuli were the most difficult to fuse and perceive its depth in 3D displays. The result of this study also shows the subject eyes are insensitive to the green hue, resulting in a large color fusion limit on green direction. According to literature, the redand green-sensitive cones make up more than about 90% of the total cones in the retina [31] , and blue cones only constitute 10% of all cones and are always surrounded by longer-wavelength cones [32] . Wilson et al. [33] found that the maximum disparity that could be fused was the same for the blue cones as for the entire visual system, and confirmed that color stereoscopic perception has nothing to do with the distribution of cone cells. The experimental results here indicate that the color fusion limit varies with the color direction, but it has nothing to do with the distribution of cone cells.
C. QUANTIFICATION OF COLOR FUSION LIMIT
About expressions of color fusion limit, Ikeda and Sagawa [5] and Qin et al. [15] , who studied the spectral colors, used λ to indicate the fusion limit for the wavelength λ. For non-spectral color, Ikeda et al. [13] used a circle to represent the fusion limit of the white light. However, Jung et al. considered that the shape of the chromaticity points of the color fusion limit could be more accurately represented by ellipses [14] . The elliptic equation is defined as:
where u and v denote the fusion limit point for sample point(u 0 , v 0 ); θ is the rotation angle of the ellipse; a and b are the semi-major and semi-minor axes from the sample point(u 0 , v 0 ), respectively. Based on equation (3), regression analysis was performed to find the optimal parameters of the ellipse. Fig. 8 represents ellipses that quantify the color fusion limit for each sample color point at different disparity levels. All of the ellipses are plotted on the same scale. Table 2 
D. SAFETY OF BINOCULAR COLOR FUSION
It is also worth noting that visual discomfort appeared during the experiment. To quantify the color fusion limit, we had to obtain more accurate information by examining more stimuli.
For an observer, the number of observations became very large. The observers reported that the visually uncomfortable feeling was strong when the color difference of two eyes was significantly increased, though the binocular color fusion could occur without color rivalry. Qin et al. suggested that only when the color difference of the irritant light between right-and-left eyes was smaller than the color fusion limit, an even and stable image in the visual field could be obtained [17] . In 3D content creation and 3D system design process, however, only to ensure that the color difference within the fusion limit range is not enough, you need to have more stringent standards, which the color difference between the left and right eyes should be within a comfortable range.
In previous work, we recommended that color difference should not exceed 0.019 E u v between the stereo image pairs [34] . As long as the color difference between two eyes exceeds this threshold, even if the color rivalry does not occur, it will easily lead to visual discomfort.
IV. CONCLUSIONS
In this paper, we measured the binocular color fusion limit for different binocular disparities. The color fusion limits were obtained for five chromaticity points sampled from the 1976 CIE u'v' chromaticity diagram. The experimental results showed that there were multi-factors influencing the color fusion limit for each sample color point. Each color point had a different fusion limit on each color direction, and the fusion limit was not the same for different disparity levels. The color fusion limit quantified by ellipses ranges from 0.017 to 0.145 E u v for the disparities from −120 to +120 arc minutes. These quantitative experimental data confirmed that the binocular disparity fusion would also affect color fusion. It was also worth noting that the disparity sign also had an impact on the color fusion limit. For the crossed disparity (sign −), the fusion limit increases as the disparity decreases. But for the uncrossed disparity (sign +), the fusion limit increases with the disparity increasing. In future work, the influences of disparity sign on the fusion limit need more experiments and studies to reveal its inner mechanism.
